Moving high-speed train model tests and CFD computations are used in this paper to explore the influence of Reynolds number on the aerodynamic performance of high-speed trains and on the pressure wave created when two trains passing each other. The effect of the test model scale for two trains passing each other on an open track, running through a tunnel and passing each other in a tunnel are studied by numerical simulations. The results of the moving model tests show that the pressure wave amplitudes of passing trains increase with the vehicle speed, and this amplitude coefficient decreases with the vehicle speed (that is, the Reynolds number increases). From the numerical calculation it is shown that the effect of scaling does not change the trend in surface pressure distribution along train's longitudinal direction. When two trains pass each other at an equal speed, the pressure changes in the head area are largest, followed by the tail area. The pressure changes in other areas are relatively small. The results for the 1:8 model and the 1:1 model are very close; considering the differences in computational efficiency and accuracy, the 1:8 model can be used for calculations. Using these two complementary methods, the results of the study can be used to design full scale high-speed trains, and to provide guidance for moving model tests and numerical simulation.
1．Introduction
One of the most widely used methods for studying the characteristics of train aerodynamics is using downscaled model tests. This has certain advantages, because of existing mature test theory and experimental tools. Moreover, the flow parameters (such as speed and pressure) are well controlled and are not affected by weather changes. The main problem of model tests is the Reynolds number effect; due to the use of the downscaled models, the Reynolds number for the test models is much smaller than the real trains. However, there exists a self-similar range, and when the Reynolds number reaches this range, the changes of the aerodynamic forces, pressures and other parameters are relatively small. No accurate conclusions have been drawn yet regarding the scope and impact of the self-similar area, and on the reliability of using the model test results for real trains. This issue has caused widespread concerns among domestic and foreign experts and scholars, although a few research results have been published. Baker and Humphreys (1996) found the lift force to be sensitive to the Reynolds number and in particular to the ground simulation in the wind tunnel. The longitudinal velocity profiles were found to be sensitive to Reynolds number by Bell et al. (2014) .
The Reynolds number is defined as the ratio of inertial forces and viscous forces, and consequently quantifies the relative importance of these two types of forces for a given set of flow conditions. All the flow parameters in viscous flow, such as the boundary layer thicknesses, the laminar-turbulent transition and separation points, the minimum drag coefficient and the maximum lift coefficient are dependent on Reynolds number (Barre et al., 1995) ; it is the most important dimensionless number, characterizing the impact of viscosity on the flow. The Reynolds number effect refers as to the effect of the changes of aerodynamic coefficients, and surface pressure coefficients with the Reynolds number change. The Reynolds number effect has two levels of meaning: first, it means that some flow parameters are a function of the Reynolds number,; second, it is related to the model tests. When testing with a very small model, the Reynolds numbers of the model and the full-scale machine differ widely, and the test data gathered from the model tests cannot be used directly to estimate the properties of the full-scale machine. This is because the Reynolds number similarity is not satisfied. In this case, the obtained parameters are sensitive to the Reynolds number, and thus the model tests should be performed under the conditions that satisfy the Reynolds criteria as much as possible. In the present study, this latter meaning of the Reynolds number effect is used.
It has long been recognised that the Reynolds number has an influence on many of the aerodynamic characteristics of trains; however, in the actual process of train design, the Reynolds number is considered to have an impact only within the boundary layer. Reynolds number has influences solely over the friction and maximum lift coefficients (Schewe et al., 2001 ). In practice, the wind tunnel test data at low Reynolds numbers are used directly, and only the drag coefficient is corrected. When extrapolating the wind tunnel test results, only the effect on the maximum lift coefficient and friction drag coefficient are considered; previous experience has proved that this treatment does not cause large errors.
However, with the continuous development of high-speed trains in China, more insight into the influence of the Reynolds numbers on the aerodynamic performance has gradually been gained (Bocciolone et al., 2008) . As a result, the Reynolds number of a downscaled test model is far smaller than that of a full-scale train. The Reynolds number effect is relatively small within a certain range (that is, when the Reynolds number reaches the self-similar area); however, since the extent of this range remains uncertain, the accuracy of model testing results is also unclear. To obtain answers to these questions, train models with various scale factors were tested, and CFD calculations were performed at these Reynolds numbers. By analysing these experimental and computational results, reasons for the influence of Reynolds number on train's aerodynamic performance can be identified, and several key parameters affecting the influence of Reynolds number on the aerodynamic characteristics of high-speed trains can be investigated, thus contributing to correlation analysis of the Reynolds effect and acting as a guide for derivation of the aerodynamic parameters of real vehicles.
The electric multiple unit (EMU) moving model aerodynamic test is another experimental method. In the recent years, aerodynamic problems resulting from the movement of trains have been studied using a moving model test rig. Gerhardt and Kruger (1998) investigated wind-and train-induced air movement. In accordance with the similar flow principle, EMU tunnels and tracks are recreated as a scaled model. The EMU model is catapulted at a high speed over the track, and this can simulate the flow conditions of EMUs passing each other, and interactions between the EMU and the ground and surrounding environment. This accurately represents the three-dimensional unsteady compressible flow processes under these conditions, and the aerodynamic properties of EMU can therefore be obtained (Bell et al., 2015) .
The working principle of the moving model catapult test is as follows. The tractor with the EMU model connected to it is pulled backwards at the end of the track (Dan et al., 2014) . This pulling force is controlled by the traction control system (running speed of the EMU model can be approximately estimated from the pulling force). At the same time, the drive power transfer trolley under the test rig also moves backwards, so that the rope is tensioned gradually. When the tension reaches a predetermined value, the control system stops increasing the tension on the rope, and the model is ready to be catapulted. The solenoid valve controlling the decoupling device of the tractor is then activated, the decoupling device is released, and the rebound of the ejection device causes the drive power transfer trolley and the EMU model to run. When the EMU model reaches the entrance of the test section, the model is automatically separated from the drive power transfer trolley, and is then ejected and runs at high speed along the track from inertia and without power.
The advantage of the numerical simulation method is the ability to simulate fullscale trains which the model experiments cannot reach with the correct Reynolds number. In addition to the difficulties in modelling the ground, the Reynolds number of modern high-speed trains, based on train width and a cruising speed of 350km/h, is approximately Re= 7 
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and this imposes a further challenge for most conventional wind tunnels. The abilities of computational fluid dynamics (CFD) to handle these challenges are comprehensively described by Diedrich In this paper we use both the scaled moving model test method and a numerical method to study the effect of various factors, in order to systematically explore the influence of Reynolds number effect on the aerodynamic performance of high-speed trains.
The paper is organised as follows. In Section 2, the moving high-speed train model tests are presented and the effect of Reynolds number is investigated experimentally using different downscaled models. CFD models and computations are presented in Section 3 and the effect of Reynolds number is studied using different train sizes including full-scale train. The two research methods are complementary to each other. Finally, conclusions are drawn in Section 4.
Moving model test method
The models and the arrangement of the measuring points
The EMU models used for this test method are 1:8 (2 units), 1:16.8 (2 and 3 units) and 1:20 (2 and 3 units). The scaled tunnel has a length of 12.46m and a crosssectional area of 100m². The EMU moving model consists of four parts: the frame, the wheel assembly, the EMU outer shell and the vehicle testing system.
The tunnel is shown in Fig. 1 . The three moving models, 1:8, 1:16.8 and 1:20, are shown in Fig. 2 . During the design of the track and tunnel model, the model blockage (the ratio of EMU cross-section to net tunnel area) is strictly controlled to be the same as the real blockage when EMU runs through a tunnel. Fig . 3 shows the arrangement of the pressure taps on the moving model. Tapes T1 to T12 are placed on the head car. T1 is at the nose, T2 is at the lower part of the window, and T3, T4, T5, T7, T8, T10 and T11 are on the side facing the passing train. T4, T6, T9 and T12 are on the other side facing the tunnel wall.
T13 to T16 and W1 to W4 are placed on the middle car. T13, T15, T16, W1 and W3 are on the other side facing the passing train; W2, W3 and W4 are on the both side facing the tunnel wall.
W5 to W15 are placed on the tail car. W15 is at the streamlined part of the end car; W13 and W14 are at the lower part of the window; W5, W7, W8, W10, W11 and W13 are on the side facing the passing train, while W6, W9,W12, and W14 are on the side facing the tunnel wall. To simplify and conclude the analysis, the surface pressure is studied using the pressure coefficient defined as
where p is pressure, 0 p is reference static pressure, q is dynamic pressure,
 is air density and is 1.225kg/m3, and v is the running speed of train model.
Influence of the Reynolds number
A high-speed EMU strongly disturbs the surrounding air (flow field). When two EMUs pass each other, this disturbance will be intensified, especially at the moment when the head or tail of an EMU passes another EMU. This will cause the air pressure on the side of the interaction to change sharply and form transient pressure variations. A positive and then a negative pressure peak appear within a very short period of time. This transient pressure variation is known as the pressure wave of passing trains. A 1:20 scale model of EMU was tested, passing another same scale EMU model on an open track at speeds of 40, 80, 120, 160, 200, 250, 300 and 350 km/h. It was found that the speed has a significant influence on the amplitude of the pressure waves: the greater the speed, the greater the amplitude of the pressure wave.
At most of the pressure measuring points, the change in the amplitude coefficient of the pressure wave decreases with the velocity (Mach number effect). The Reynolds number has little influence on the coefficients on the car body; however, its influence on the coefficients within the streamlined area of the leading and trailing cars is relatively large, as shown in Fig. 4 . Although the passing speed varies, the trend of the pressure wave amplitude coefficient is essentially the same. When the two EMUs pass each other, the head wave is first positive and then quickly turns to negative. The peak and trough of the pressure waves from the head car occur at the moment when the tip of the nose of the other EMU arrives, as shown in Fig. 6 . Conversely, the tail wave is first negative, then positive. The peak and trough of the tail pressure wave occur when the tip of the nose of the other EMU arrives. When the EMUs run on an open track, the amplitude of the pressure wave on the passing side is much greater than that on the other side, and the pressure wave is not obvious.（For confidentiality reasons, a constant C is used in the plots, and the same constant will be used in the rest of this paper.）. For the case of a train passing through a tunnel, the same EMU model is used. When the model passes through the 100 m2 double-track tunnel at speeds of 200, 250, 300 and 350 km/h, the maximal positive pressure peak is measured at Point 1, that is, at the nose of the EMU, as shown in Fig. 6 . It also has the largest amplitude. The pressure amplitude at the other points of measurement is relatively small. With increasing the speed of EMU, i.e., increasing the Reynolds number, the pressure wave peak and amplitude increase. The results of the moving model test show that the pressure wave amplitudes of passing trains increase with the vehicle speed (Mach number increases), and the pressure wave amplitude coefficient decreases with the vehicle speed. 
Governing equation
In general, the running speed of trains is low (Ma<0.3), where the flow can be considered to be viscous and incompressible; but when the study of two train crossing, and train-tunnel interaction, we need to consider the air compression.
At present, the most widely used two-equation turbulence model   k is the most widely used in train aerodynamics, so the standard turbulence model   k is used to simulate the aerodynamic problem of the tunnel.
Computational model and mesh
A simplified train model is used. The pantograph and some small parts are not simulated, as shown in Fig. 7 . Block structured grids are generated and the mesh near the train body is refined. The first layer of the mesh is 0.0005 m thick, which meets the Y+ requirements of the selected turbulence model. The computational domain for the open track contains about 30 million cells. The mesh on the train surface is shown in Fig. 8 . The computational domain is 92.5H long, 75H wide and 25H high, so that the flow field can be fully developed and the influence of the far field boundary conditions on the flow structures concerned can be avoided. The foremost part of the train is placed 25H behind the inflow boundary, so that the inflow boundary conditions have no effect on train's wake. The wake vortex region is 50H. Here H is the height of the train, which is taken as H=3.7m. The computational domain is shown in Fig. 11 .
The boundary conditions are shown in Fig. 9 . Moving boundary conditions are set for EMU 1 and EMU 2. The train moves in the positive and negative x directions. The initial velocity in the y-and z-directions is zero; the train surfaces and the bottom surface are set as no-slip walls, while the lateral and top surfaces are set as symmetrical boundaries. The region near the train wall and the floor area of the flow field are simulated using standard wall functions. The computational domain of the train passing through the two-track tunnel is shown in Fig. 10 . The initial position of the train is set to 13.5H ahead of the tunnel entrance, in order to accurately simulate the entire process of the train passing through the tunnel, to ensure that the flow field around the train is fully developed by the time the train enters the tunnel, and to keep the computational effort to a reasonable level. In order to obtain a reliable solution for the physical problems (modelled using various differential equations), the boundaries of the computational domain must be set carefully.
The train surfaces are set as no-slip walls, the entrance boundary as a velocity inlet and the exit boundary as a pressure outlet. The boundary conditions of the ground are set as no-slip walls and slip walls.
The tunnel used for the investigation of the train tunnel aerodynamic effect has a section of 100 m2, and is a single tunnel with two tracks. The distance between the two tracks is 5 m, as shown in Fig. 12 . The smallest grid spacing near the tunnel entrance is 0.05 m, and the grid spacing in the tunnel in the running direction of the train is 0.1 m. The number of meshes in the entire flow field is more than 20 million (see Fig.12 ).
The moving boundary conditions for the train surface are as follows: the velocity in the x-direction equals the running speed, V, of the train, and the velocities in the yand z-directions are set to zero. The sides, top and bottom of the domain are given no-slip boundary conditions. The inlet and outlet boundary conditions are both set to zero relative pressure; the tunnel, train and ground use a standard wall function simulation. In total, 34 measuring points are arranged on the surface of the three-unit EMU: 12 measuring points on the leading car, 12 on the tail car and 10 on the middle car, as shown in Fig. 13 For convenience, the measuring points on the EMU surface are individually numbered, for example the measurement point 1 on the leading car is defined as che1_1, as listed in Table 1 . The measurement points marked * are on the passing side. 
Verification of the CFD code
The division of the spatial grid directly affects the accuracy and stability of the results of the calculation (Yao et al., 2012) . In order to assess the effect of various spatial grid divisions on the results of the numerical calculation, three different sets of grids are used to verify. Under conditions of meeting the requirements of the log-law wall function （ the height of the first layer is 0.0005 m, and 50 30    y ） , three sets of grid numbers are 30,100,000, 42,400,000 and 55,600,000 grid points, respectively. The overall distribution of the spatial grid and local distribution was greater than 10.
The pressure coefficient at a measuring point on the head car was selected as the monitoring point for validation. The three sets of computational results are shown in Table 3 . It can be seen that there is little impact on the results of the calculation from changing the grids; the monitoring pressure coefficient changes little, and the errors are within 1%. The sensitivity of the spatial grid on the results of calculation can therefore be ignored. In order to maximise the efficiency of the CFD flow field calculation, a grid with 30,100,000 mesh points was selected in the following computations. In order to verify the accuracy of the numerical calculation, the result of the pressure wave curve using CFD is compared with that from the moving model test is given in Fig. 14 . As can be seen from this figure, the results of the moving model tests and numerical calculations are in good agreement. 
Results and discussion
The Reynolds number describes the flow near the surface; the higher the Reynolds number, the higher the ratio of inertial forces to viscous forces of the flow, and thus the higher the degree of turbulence. Reynolds number is related to the model dimensions, the flow velocity, the density and the viscosity of flow. In general, the flow density and viscosity are taken to be constant, and the Reynolds number is then affected only by the model size and flow velocity.
Since the Reynolds number indicates the extent of the development of turbulence, as the Reynolds number increases, the flow becomes more turbulent. In the process of development from laminar to fully turbulent flow, the velocity gradient close to the wall becomes smaller. As a consequence, the wall shear stress becomes bigger for turbulence flow because there is a part from Reynolds stresses, and the aerodynamic drag of the vehicle thus decreases. When the flow is fully turbulent, the velocity gradient near the wall does not change, and a further increase in Reynolds number does not affect the pressure and velocity distribution at train's surface, which is represented as the reduced change of the aerodynamic parameters. Since the Reynolds number is related to flow velocity and train dimension, a change in the two parameters will give rise to a different Reynolds number.
The numerical model can be used with a full-scale train or a scale model. A larger model size requires a greater computational domain; the larger the size of the corresponding computational grid, the more computer resources and computational time are needed.
INFLUENCE OF SCALE ON THE PRESSURE WAVE OF PASSING TRAINS
The models at scales 1:1, 1:8, 1:15 and 1:20 are calculated and analysed in order to study the influence of Reynolds number effect on the aerodynamic performance of high-speed trains passing each other on an open track. Fig. 15 shows the pressure wave peaks along the surface of the train body for various scale models, at an equal passing speed of 250 km/h and 300km/h. For the same speed, a larger scale factor gives rise to a larger Reynolds number. For all scale models passing with an equal speed, there are large changes in pressure in the streamlined area at the head and tail. The change in the head is much greater than that at the tail, and the maximum occurs at the nose stagnation point. The pressure fluctuation along the train body is very small with equal cross-section. For all scale models passing with an equal speed, the changes in the pressure wave amplitude at the train surface are similar, and only the magnitude differs. The full-scale model has the smallest train surface pressure wave amplitude, and the 1:20 model has the largest, with an increase in magnitude of up to 6% compared to the full-scale model. The Reynolds number does not change the surface pressure coefficient. The pressure wave fluctuation is larger within the streamlined area at the head and tail, as shown in Fig. 17 . The fluctuation at the head is significantly greater than that at the tail. Outside of the streamlined area at the head and tail, the pressure wave fluctuation along the train body is very small. It can also be seen from 
THE EFFECT OF SCALE ON THE PRESSURE WAVE OF A TRAIN PASSING THROUGH A TUNNEL
The flow field of a train passing through a tunnel is calculated and analysed at speeds of 250 km/h and 300 km/h, and for scale factors of 1:1, 1:8, 1:15 and 1:20. As shown in Fig. 18a Fig . 18b shows the change in magnitude of the pressure waves on the train surface along the longitudinal direction when a train passes through a tunnel at a speed of 300 km/h. The magnitude of the train surface pressure decreases in the longitudinal direction. The change within the streamlined region at the head is the largest; it is significantly different from that at a speed of 250 km/h. The reason for this is that when a train passes through a tunnel at different speeds, the generated compression and expansion waves are significantly different in time and space, and the superposition of these waves leads to a change in the surface pressure distribution along the longitudinal direction. However, at different scale factors, the surface pressure distribution along the longitudinal direction of the train is similar, while the amplitude is clearly different. The full-scale model has the smallest surface pressure fluctuation. Fig. 19a shows the amplitudes of the train surface pressure waves at different scale factors for a train speed of 250 km/h. The amplitude of the train surface pressure decreases with the scale factor; the lower the scale factor, the higher the amplitude of the body surface pressure, with the largest increase reaching 6%. The closer to the full scale, the smaller is the pressure gradient. Fig. 19b shows the amplitudes of the train surface pressure waves at different scale factors for a train speed of 300 km/h. The amplitude of the train surface pressure decreases with increasing the scale factor; the lower the scale factor, the higher the amplitude of the body surface pressure, and the largest increase again reaches 6%. The variation in train wall pressure is largest at a scale factor of 1:20. Compared to the full-scale, amplitude is increased by about 5%. Fig. 20a shows the amplitudes of the pressure waves of trains at various scale factors passing each other in a tunnel. The changes in pressure are relatively large in the head region, followed by the rear section, while the changes in pressure are relatively small in the equal cross-sectional part. When trains pass each other in a tunnel, the superimposition of compression and expansion waves will be more complicated; strong unsteady flow fields arise around the train, and the uneven distribution of pressure and strong turbulent state is more prominent, which causes significant changes in surface pressure. However, for different scale factors, while Fig . 20b shows the amplitude of the pressure waves of trains with different scale factors passing each other in a tunnel at equal speeds of 300 km/h. The amplitude of the train surface pressure decreases significantly along train's longitudinal direction, and is greatest in streamlined region at the head. The distribution at this speed is different from the case of 250 km/h. This is due to the fact that when trains pass each other in a tunnel at different speeds, the generated compression and expansion waves are significantly different in time and space, and the superposition of these waves leads to a change in the surface pressure distribution in the longitudinal direction. However, for different scale factors, although the surface pressure distribution in the longitudinal direction of the train is similar, the amplitude is clearly different. The full-scale model has the smallest surface pressure fluctuation. Fig. 21b shows the amplitudes of the train surface pressure waves for trains at different scale factors passing each other in a tunnel at equal speeds of 300 km/h. The amplitude of the train surface pressure decreases with increasing scale factor; a lower scale factor gives rise to a higher body surface pressure amplitude. The largest increase is 6%. The closer the model is to full scale, the smaller is the pressure gradient.
THE EFFECT OF SCALE ON THE PRESSURE WAVES OF TRAINS PASSING EACH OTHER IN A TUNNEL
CONCLUSION
From systematic research on the effect of Reynolds number on the pressure wave of high speed trains using the moving model test and the numerical calculation method, the following conclusions can be drawn.
The moving model test shows that when trains pass each other, the train surface pressure wave amplitude increases with the train speed. The pressure wave amplitude coefficient decreases with the train speed (an increase in Reynolds number). From the numerical calculation, it can be shown that for a single train passing through a tunnel, the trend of the surface pressure distribution does not change with scale factor. When trains at various scale factors pass each other at equal speeds, the change in pressure is larger in the head area, followed by the tail region. The pressure change in the equal cross-sectional segment is relatively small.
When trains pass each other in a tunnel, the superimposition of compression and expansion waves is more complicated, giving rise to a strong unsteady flow field around the train; the uneven distribution of pressure and strong turbulent state is more prominent, which causes changes in surface pressure to be significantly different in amplitude. However, when trains at various scale factors pass each other at equal speeds in a tunnel, the surface pressure distribution along the longitudinal direction is similar, although the amplitude is significantly different. For the fullscale model, the variation in train surface pressure is minimal. A smaller scale factor gives rise to a larger surface pressure amplitude, and the closer is the model to full scale, the smaller is the change in pressure gradient. The vehicle speed does not affect this relationship. The effect of scale does not change the trend in surface pressure distribution along train's longitudinal direction. When trains at various scale factors pass each other at equal speeds,the pressure changes in the head area are relatively large, followed by the tail area. The pressure change in the equal crosssectional area is relatively small.
